The synthesis of nine new, bifunctional organocatalysts having carbohydrate scaffolds has been accomplished. In these catalysts both of the catalytic amino and thiourea functions are directly attached to a carbohydrate core. The activities of the newly prepared catalysts were tested in a Michael addition.
Introduction
In recent years, organocatalysis, the acceleration of various chemical reactions by diverse chirality can be considered as obvious candidates for chiral scaffolds. Organocatalysts based on a D-glucosamine scaffold carrying urea and imine as catalytic functionalities were described by Kunz in 2007. 5 Enantioselective Strecker and Mannich reactions were performed using these catalysts. 5 Thiourea-amine type bifunctional organocatalysts containing a monosaccharide unit were prepared and their catalytic activities were investigated recently. 6 In these cases, the carbohydrate moiety was located on the periphery of the catalyst molecule and not in-between the two catalytic centers (compounds D and E, Figure 2 ). To our knowledge there is only one example in the literature where a monosaccharide residue was used as a scaffold to connect thiourea and amine functionalities thereby defining the selectivity of the catalyzed reaction (compound F, Figure 2 ). 7 In this study the use of urea derivatives, however, provided higher yields and selectivity than the corresponding thiourea derivative. 7 Up to now, there are no examples of bifunctional thiourea-amine organocatalysts where the core scaffold is a monosaccharide unit and the use of the catalyst results in high yield and high enantioselectivity catalyzing a chemical reaction.
Figure 2. Monosaccharide-containing bifunctional organocatalysts
We have initiated the preparation of new -bifunctional -thiourea-amine catalysts starting from D-glucose. In these molecules the two catalytic centers are connected with a carbohydrate residue. Using these catalysts the enantioselectivity of the catalyzed reaction will be influenced only by the carbohydrate moiety. The possible effect arising from carbohydrate chirality was taken into consideration in the design, by placing the catalytic groups at various positions of the carbohydrate scaffold. Thus the synthesis of molecules having the amino and thioureido groups in positions 4 and 6 (G and H, Figure 3 ), or in positions 2 and 3 (I, Figure 3 ), respectively, was planned. The catalytic groups are distanced by three carbon-carbon bonds in the first case, whereas they are separated by two C-C bonds in the latter. In the case of G and H, the synthetic route was designed to afford both the 4- amino-6-thioureido (G) and the 6-amino-4-thioureido (H) derivatives from the same starting material. 
Results and discussion
For the preparation of the targeted catalysts having the catalytic groups in the 4 and 6
positions, methyl 4-O-benzoyl-6-bromo-6-deoxy-2,3-di-O-methyl-α-D-glucopyranoside 8 (1, Scheme 1) was selected as starting material which is easily available from commercial methyl α-D-glucopyranoside in a few steps in high yields.
The synthesis of the 4-amino-6-thioureido type compounds started with the preparation of the 6-azido derivative (2) . Reaction of compound 1 with sodium azide in DMF at elevated temperature resulted in the formation of the 6-azido derivative (2, Scheme 1) in almost quantitative yield. The benzoate protecting group from compound 2 was removed with NaOMe in MeOH affording derivative 3 in high yield. For the reduction of azido function of compound 5, the use of triphenylphosphine was found more advantageous, as reduction with propanedithiol resulted in impurities which were difficult to separate from the amino derivative. The amino derivative of compound 5 was reacted with phenyl isothiocyanate or 3,5-bis(trifluoromethyl)phenyl isothiocyanate affording derivatives 8 and 9, respectively.
For the preparation of the 6-amino-4-thioureido type target molecule nucleophilic substitution of the bromo function of compound 1 with piperidine was performed to afford 10 in high yield (Scheme 2). This reaction was significantly slower than the substitution of 1 with sodium azide. Conditions: β-nitrostyrene, 1.1 eq. acetylacetone, 10 mol% catalyst, CH 2 Cl 2 , rt., 24 h.
The catalytic activity of the synthesized compounds is summarized in Table 1 . Only those compounds which have secondary amine groups were able to promote the reaction to
give good yields (Table 1 , entries 1, 2, and 3). Tertiary amine-containing derivatives afforded very low yield or no reaction at all (entries 4, 5, and 6). The active catalysts favored the formation of the product having the S configuration, the enantioselectivity, however, was low.
Further examination of the catalytic activity of prepared compounds on different reactions is in progress, and will be reported in due course. In conclusion, the synthesis of a new family of monosaccharide-based bifunctional organocatalysts has been achieved. Thiourea and amine functionalities were used as catalytic centers connected by a monosaccharide unit thereby replacing the commonly employed cyclohexane unit. The activities of the newly prepared catalysts were tested on a model reaction, where some of the compounds afforded high yields, although with low enantioselectivity. 
Experimental

Methyl 6-azido-4-O-benzoyl-6-deoxy-2,3-di-O-methyl-α-D-glucopyranoside (2)
NaN 3 (260 mg, 4.0 mmol) was added to a solution of 1 (780 mg, 2.0 mmol) in dry DMF (10 mL) and the mixture was stirred for 6 h at 70 C. The mixture was allowed to cool to r.t. then it was diluted with EtOAc (100 mL) and washed with water (3 × 50 mL). The organic layer was dried over MgSO 4 , filtered, concentrated and the product was obtained after column chromatography (toluene-acetone; 95:5) as a syrup (660 mg, 94% 
Methyl 6-azido-4-cyclohexylamino-4,6-dideoxy-2,3-di-O-methyl-α-Dgalactopyranoside (4)
A solution of Tf 2 O (1.63 mL, 9.7 mmol) in CH 2 Cl 2 (5 mL) was added to a solution of 3 (1.61 g, 6.7 mmol) in a mixture of pyridine (3.2 mL) and CH 2 Cl 2 (20 mL) at 0 C, then the mixture was stirred for 2 h at 0 C. TLC (hexane-EtOAc; 1:1) showed the formation of a new apolar derivative. Cyclohexylamine (6 mL) in DMF (20 mL) was added to the mixture and stirring was continued for 10 h at 45 C. Then the mixture was concentrated and the residue was purified by column chromatography (hexane-EtOAc; 1:1) to provide 4 (1. Compound 4 (0.8 g, 2.4 mmol) was converted into the 6-amino derivative as described for compound 6. 3,5-Bis(trifluoromethyl)phenyl isothiocyanate (400 µL) was added to a solution of the 6-amino derivative (0.65 g) in MeOH (10 mL) at rt. The mixture was stirred for 4 h then concentrated and the product was isolated after column chromatography (hexane- 
Methyl 6-azido-4-benzylamino-4,6-dideoxy-2,3-di-O-methyl-α-Dgalactopyranoside (5)
Methyl 4-benzylamino-4,6-dideoxy-2,3-di-O-methyl-6-(N'-phenyl)thioureido-α-Dgalactopyranoside (8)
Triphenylphosphine (1.2 g, 4.6 mmol) was added to a solution of 5 (1.0 g, 3.0 mmol) in THF (20 mL) at rt and the mixture was stirred for 2 h at 80 C. When TLC (hexaneEtOAc; 1:1) showed the absence of the starting material water (2 mL) was added to the mixture and the stirring was continued for 4 h at 80 C. 
Methyl 4-benzylamino-4,6-dideoxy-2,3-di-O-methyl-6-(N'-3,5-bis(trifluoromethyl)phenyl)thioureido-α-D-galactopyranoside (9)
Compound 5 (1.0 g 3.0 mmol) was converted into the 6-amino derivative as described 
Methyl 4-O-benzoyl-6-deoxy-2,3-di-O-methyl-6-piperidino-α-D-glucopyranoside (10)
Piperidine (720 µL, 7.3 mmol) was added to a solution of 1 (1.12 g, 2.88 mmol) in dry DMF (5 mL) and the mixture was stirred for 50 h at 70 C. Then the mixture was allowed to cool to r.t., it was diluted with toluene (100 mL) and washed with water (2 × 30 mL), the organic layer was dried over MgSO 4 
Methyl 6-deoxy-2,3-di-O-methyl-6-piperidino-α-D-glucopyranoside (11)
NaOMe (50 mg) was added to a solution of 10 (1.0 g, 2.54 mmol) in dry MeOH (20 mL) at r.t., then the mixture was stirred for 2 h at reflux. The mixture was concentrated and 
Methyl 4,6-dideoxy-2,3-di-O-methyl-6-piperidino-4-(N'-phenyl)thioureido-α-Dgalactopyranoside (13)
Propanedithiol ( 
3,15 Methyl 4,6-O-benzylidene-2-deoxy-2-morpholino-α-D-altropyranoside (16)
Morpholine (5.9 mL) and LiClO 4 (3.62 g) were added to a solution of 14 (4.5 g, 17.0 mmol) in MeCN (50 mL) at rt and the mixture was stirred for 24 h at 90 C. Then the mixture was concentrated and the residue was taken up in EtOAc (300 mL) and washed with water (3 × 150 mL), the organic layer was dried, filtered and concentrated. 644.1629.
General procedure for the Michael addition
Organocatalyst (0.02 mmol) was added to a solution of β-nitrostyrene (0.2 mmol) in CH 2 Cl 2 (0.5 mL) under Ar at rt. The mixture was stirred for 5 min, then acetylacetone (0.22 mmol) was added and stirring was continued for 24 h at rt. The mixture was concentrated and the product was isolated by column chromatography (Hexane-EtOAc; 7:3). The ratio of the formed enantiomers was determined by chiral HPLC method: t major : 9.3 min t minor : 12.5 min. 
